A simple, rapid, and reliable method was developed for determination of inorganic As in biological samples such as fish fillet. Inorganic AS was distilled from the sample as AsCl 3 with HCl. The separated inorganic AS was determined by flow-injection hydride-generation atomic absorption spectrometry after prereduction with KI and HCl. The influences of various concentrations of KI, ascorbic acid, and HCl in the prereduction stage; NaBH 4 as the reductant; and HCl as the carrier solution on analytical results were studied. Digestion was performed in a Kjeldahl digestion system for 75 min with 4 mL nitric acid and 1 mL sulfuric acid at 380°C. The concentrations of inorganic As in samples were less than 0.1 mg/kg dry weight for fish fillet and somewhat higher for crustaceans and bivalve molluscs. The total and inorganic As contents of various marine biological samples and certified reference materials were determined.
A rsenic concentrations in marine organisms can reach several hundred milligrams per kilogram. The high levels of As in seafood have been recognized since the beginning of this century (1) .
Speciation data for As are urgently needed because of the large differences in toxicity of various forms of As to humans (2) (3) (4) (5) . Approximately 25 chemical forms of AS have been detected in seafood. Because of the varying toxicity of these species, the total AS content of a food sample is of little value. Inorganic compounds are very toxic, whereas organic species may be harmless. Until now, national and international laws have recommended only the quantification of total AS content in foods. However, it has become apparent that this is inadequate and that it is also necessary to determine the content of inorganic AS compounds. For this reason, the health authorities in Norway are anxious to have an analytical procedure for food control.
Various approaches are available for determining inorganic compounds in seafood samples. The most common procedure to date involves coupled techniques with separation by liquid chromatography and detection by inductively coupled plasma mass spectrometry (ICP-MS; 6-11), but other procedures also are available (12) . The advantage of these methods is that all of the various species can be determined with small risk of degradation in the separation stage. The disadvantages are that the efficiency of the extraction stage may vary, the equipment is costly, and generally the analysis is time consuming.
Another approach is to separate the inorganic As compounds in one stage as proposed by Lunde as early as 1973 (13) . His procedure is based on conventional distillation of inorganic As as AsCl 3 in the presence of 6.6 mol HCl/L, which is determined subsequently by neutron activation and X-ray fluorescence. Other workers (14, 15) have optimized the distillation technique to determine inorganic As by other methods.
The aim of the present study was to develop an analytical method for determination of inorganic As by flow-injection hydride-generation atomic absorption spectrometry (FI HG-AAS) to be used by the Norwegian Food Control Authority.
METHOD

Equipment
A Perkin-Elmer (Norwalk, CT) Model 3300 atomic absorption spectrometer equipped with a Perkin-Elmer FIAS-200 flow injection system and a Perkin-Elmer AS-90 autosampler were used to perform the determination of total and inorganic As. A Perkin-Elmer AS electrodeless discharge lamp operated at 380 mA was used as the line source. The As absorbance was measured at 193.7 nm with a spectral bandpass of 0.7 nm.
The flow-injection system was operated according to the program given in Table 1 . A sample solution of 500 µL was injected, and the peak height was used for measuring analytical signals.
Biological samples were digested in a Milestone (Sorisole, Italy) MLS 1200 microwave sample digestion system operated at 1200 W and equipped with an exhaust module (EM 5) directly coupled to the oven outlet and an automatic capped module (ACM 100). The digestion vessels were HP80 type (maximum pressure 30 bar) in HPF.
For determination of total AS, samples were digested in a Tecator (Høganås, Sweden) Kjeldahl Digestion System 40-1060 Digestor with 75 mL volumetric graded glass digestion tubes.
A distillation apparatus, consisting of a 250 mL round-bottom distillation flask, a 100 mL condenser, and a 30 cm long refrigerant coil, was used for selective separation of inorganic As as AsCl 3 . The apparatus was connected as shown in Figure 1 (13) .
Reagents
All solutions were prepared with analytical-reagent grade chemicals and ultrapure water (18 MΩ/cm) generated by ROpure reversed osmosis and a NANOpure ion-exchange unit (Barnstead, Dubuque, IA). All reagents used were of the highest purity available and at least of analytical-reagent grade.
A commercially available 1000 mg/L As standard solution (Scanchem, Norway) prepared from As(V) was used. Working standards were prepared daily by serial dilution with high-purity water. A 1000 mg/L stock solution of As represented as dimethylarsenic acid (DMAA) was prepared by dissolving 2.8568 g DMAA sodium salt trihydrate (Merck, Darmstadt, Germany) in high-purity water. A solution of arsenosugar (dimethylarsinyl riboside derivative; 11) was kindly supplied by E. Larsen (National Food Agency, Denmark). For wet digestion, Suprapure-quality concentrated HNO 3 (65%; sp. gr., 1.4 g/mL; Merck) and concentrated H 2 SO 4 (98%; sp. gr., 1.84 g/mL; Merck) were used. Various solutions of KI were prepared freshly from the solid product. For FI HG-AAS determination, the sample pretreatment solution was prepared by dissolving 12.5 g KI (Merck) and 7.5 g ascorbic acid (Merck) in 100 mL water. The HCl solutions were prepared from 12 mol/L concentrated acid (37%; sp. gr., 1.19 g/mL; Merck) with high-purity water. The carrier solution for the FI HG-AAS was prepared by diluting 100 mL concentrated HCl in 900 mL water. The sodium tetrahydroborate (Merck) solution was prepared daily by dissolving 4 g NaBH 4 in 1000 mL of a 0.05% (m/v) NaOH solution.
Samples
All biological samples analyzed were of marine origin. The following 8 samples were supplied by TORO A/S (Rieber & Søn, Bergen, Norway): krill, cod roe, blue mussel, saithe, scampi, cod muscle, shrimp, and cod extract. Four certified reference materials (CRM)-Tort 2, Dorm 2, mussel tissue, and oyster tissue-were purchased from the National Research Council of Canada (NRCC; Ottawa, Canada). CRM 422 cod muscle was purchased from the Community Bureau of Reference (BCR; Brussels, Belgium). The seaweed sample (Ascophyllum nodosum) was supplied by Algea (Drammen, Norway). All samples were freeze-dried and homogenized on delivery and subsequently stored in a dessicator until analyzed.
General Analytical Procedures
(a) Digestion of samples for total As determination.-Weigh ca 0.2 g homogenized dry samples in Kjeldahl glass digestion tubes and add 4 mL HNO 3 and 1 mL H 2 SO 4 . Place tubes in Kjeldahl digestion heating block that has been preheated to 350°C. This temperature is sufficient to digest the samples completely in 75 min. Cool the digests in a fume hood for 1 h and dilute to 75 mL with water. Prepare reagent blanks together with the sample solutions. Forty samples can be digested in the heating block simultaneously.
(b) Distillation of inorganic As as AsCl 3 .-Weigh 0.2-2.0 g homogenized dry sample and introduce it into a 250 mL round-bottom distillation flask ( Figure 1 ). The sample mass depends on the assumed inorganic As concentration in the sample. Add 25 mL 3 mol HCl/L and 10 mL KI (30% m/v) to the sample and let stand for 5 min to ensure complete reduction of As(V) to As(III). Connect distillation apparatus as shown in Figure 1 and heat until an appropriate vapor temperature is reached. Close the condenser valve and collect ca 15 mL distillate. Transfer collected solution to a 50 mL volumetric flask and repeat distillation once after addition of another 25 mL 3 mol HCl/L and 10 mL KI (30% m/v) to the remaining solution. Take 15 mL of the second distillate and mix well with the first distilled fraction. When cool, wash the condenser and receiver with high-purity water and add washes to the distillate, which is made up to volume with water.
(c) FI HG-AAS determination of inorganic and total As.-The concentrations of total As and inorganic As in the marine biological samples were determined by the same analytical procedure. Instrumental parameters and reagents are described in Table 1 . Sample solutions were pretreated with reducing agents to ensure complete reduction of As(V) to As(III) prior to FI HG-AAS. This step was necessary to get correct analytical results.
Transfer between 1 and 4 mL, depending on analyte concentration, of the distillate or digest into a 15 mL polypropene (PP) tube and add 1 mL of a mixture containing 12.5% (m/v) KI and 7.5% (m/v) ascorbic acid. Then add 2.5 mL concentrated HCl and allow mixture to stand 15 min. Dilute sample solution with water to 10 mL. Construct a calibration graph of 0.5, 1, and 2 µg/L, obtained from appropriate volumes of a 0.1 µg/mL working standard solution of As(V).
The calibration solutions were treated in the same way as sample solutions. The slope of the standard calibration graph was established by the least-square method.
Results and Discussion
Digestion for Determination of Total As by FI HG-AAS
When determining the total As content of biological samples by FI HG-AAS, it is important to completely digest the As compounds and reduce As(V) to As(III) prior to analysis. AS determination by electrothermal AAS previously has been shown to give good results after microwave oven digestion with nitric acid (16) . Results are given in Table 2 for total As in CRM mussel tissue and oyster tissue analyzed by FI HG-AAS after samples had been decomposed by different digestion procedures.
The conventional microwave oven digestion method gave very poor results: only 10% of the As content was recovered from CRM mussel tissue because of insufficient degradation of organic As. A higher temperature was needed. Sulfuric acid was added to the nitric acid to increase the temperature in the digest. Although recovery improved, it was very low compared with the certified value. It was not recommended to increase the amount of sulfuric acid further because of the low-pressure vessels used with this microwave oven. Good results for total As previously have been obtained with high-pressure vessels containing pressure and temperature sensors (17) , which tolerate more sulfuric acid.
Kjeldahl digestion equipment is normally used with sulfuric acid to give a high temperature in the digests, thus ensuring complete decomposition of samples (18) .
Experiments to determine the most optimal acid mixture and digestion time for total As determination by Kjeldahl digestion gave best results when 4 mL HNO 3 and 1 mL H 2 SO 4 were used (Table 2 ) with a digestion time of 75 min. One advantage of using this method was that the NO X fumes created were automatically emitted. Those compounds would interfere with the FI HG-AAS determination if they were not removed before analysis (17) .
Optimization of FI HG-AAS Method
Parameters for determining AS were optimized including cell temperature, gas flow, and KI/ascorbic acid/HCl used during prereduction, sodium tetrahydroborate used as a reductant, and HCl used as a carrier solution. These parameters were optimized with sample solutions of CRM Tort 2 at a concentration of approximately 1.0 µg/L. Optimal cell temperature was in the range 850°to 950°C.
To obtain reliable results, it is important to have the element in one definite oxidation state before reduction with NaBH 4 (19, 20) . Optimum quantities of KI, ascorbic acid, and HCl for reducing As into As(III) were determined by adding different amounts of reagent to a series of sample solutions of CRM Tort 2. It was found that 5% (m/v) KI was the minimum concentration able to reduce As compounds to As(III) in the sample solution of CRM Tort 2. However, a higher KI concentration of 12.5% (m/v) was chosen to ensure complete re-ØYGARD ET AL.: JOURNAL OF AOAC INTERNATIONAL VOL. 82, NO. 5, 1999 1219 The effects of the carrier solution (HCl) and NaBH 4 concentration on arsine generation and As detection were determined by varying the concentration of these components. The best absorbance peak was obtained when the concentration of the carrier solution was 2.5 to 15% (v/v) and the reductant concentration was 0.35 to 0.45% (w/v). Figure 2 shows that use of 10% (v/v) HCl gave an improved signal for As without any memory effect compared with the signal without using HCl (water used as the carrier solution). The effect of carrier gas flow rate was observed by altering the argon flow rate. The signal showed a plateau in the range 25-35 mL/min, after which it decreased. Serious memory effects have been reported at argon rates below 30 mL/min (17) , which may be due to the difference in NaBH 4 concentration used. With the arrangement shown in Table 1 , hydride generation worked well, and the sensitivity, accuracy, and repeatability were maximized.
Distillation of AS(III) Chloride
Modifications of distillation procedures worked out by Lunde (13) and Lopez et al. (15) were made to improve the reduction of As(V) to As(III) and to avoid arsenosugar degradation if possible. These modifications included using HCl as the solvent and KI as the reductant.
Modification of their procedures was performed with standards of AS(V), AS(III), DMAA, and a sample of seaweed. Seaweed is known to have a high concentration of arsenosugars (21, 22) , which are known to be labile (23) (24) (25) , considerably more so than arsenobetaine, found in crab, lobster, shrimp, and fish (26, 27) . Arsenosugars are thought to be degraded to DMAA and recovered in the distillate (24, 28) .
In the present study, 10 mL of a KI solution (30% m/v) was used to reduce As(V) to As(III) state, with a preliminary reduction step of 5 min at ambient temperature before distillation, as described by Lopez et al. (15) . As the AsCl 3 starts to distil at 100°-110°C, different HCl concentrations were tested. Distillations have been performed with HCl concentrations from 6.6 to 9.2 mol/L (13) (14) (15) . In a preliminary study, a series of distillations of inorganic As and DMAA were performed with HCl concentrations ranging from 2 to 9 mol/L. The amount of As present as trivalent inorganic As and DMAA corresponded to a concentration of 1 µg/L in the final solutions for analysis. The concentrations of HCl tested were 2, 3, 4, 5, 6, 7, and 9 mol/L. Furthermore, the prereduction step (Table 1) prior to FI HG-AAS was also tested. The results showed that a prereduction step, as described for the analysis of total As, also was necessary for determination of inorganic As. The reagent used for prereduction was not optimized further. Recovery of As(III) was good even at an HCl concentration of 3 mol/L. To keep the applied HCl concentration as low as possible, further studies were performed with 2-5 mol/L HCl. No amount of As from DMAA was detected when the distillation was performed with an HCl concentration of 3-9 mol/L and prereduction.
A series of distillations were performed with As(V) standard solutions at concentrations of 2, 3, 4, and 5 mol/L HCl. Recoveries of As(V) were close to 100% for all HCl concentrations used, except for 2 mol/L HCl ( Table 3 ).
The results show that As(V) is quantitatively reduced to As(III) by iodide in an acidic medium as low as 3 mol/L HCl.
The effect of HCl concentrations on recovery of inorganic As in the distillate of seaweed was studied. Table 3 shows that inorganic As in seaweed was distilled off at an HCl concentration of 3 mol/L.
Recovery of Inorganic As by Distillation
To demonstrate the applicability of the procedure, a series of experiments were performed to determine the recovery of different As species. As(V) concentrations of 1, 2, and 3 µg/g were added to previously analyzed seaweed samples containing 0.95 µg inorganic As/g dry matter. Recoveries of As(V) for the 3 concentrations and with 3 distillations at each concentrations were 109 ± 16, 83 ± 21, and 91 ± 7%, respectively.
Distillations were performed to determine the stability of arsenosugar. The first series involved addition of arsenosugar at a final concentration of 1-3 mol/L HCl and 10 mL 30% (m/v) of KI. Recovery was 8 ± 6% (n = 4; Table 4 ). The second series was performed by adding arsenosugar at a concentration of 0.625 µg/g to seaweed sample containing 0.74 ± 0.02 µg inorganic As/g dry matter. Recovery of As from arsenosugar was 11 ± 12% ( Table 4 ). The results show that relatively little As (approximately 10%) was detected as inorganic As. The degradation product most likely is DMAA (29) .
The stability of other organic As compounds such as arsenobetaine was not tested, but arsenobetaine has been extensively studied by others and has been shown to be very stable (15) .
Measurement Uncertainty for Determination of Total As and Inorganic As
The detection limit, defined as the As concentration corresponding to 3 times the standard deviation of the reagent blank (n = 10), was 0.036 ng/mL. The quantification limit, defined as the As concentration corresponding to 10 times the standard deviation (SD) of the reagent blank, was 0.045 µg/g dry matter when sample weight is 0.2 g.
Method accuracy was tested by determining the As concentration in NIST CRM 1566a oyster tissue and NRCC CRM Tort 2 (lobster hepatopancreas). Analyzed values were 13.6 ± 0.7 mg/kg (certified value, 14.0 ± 1.2 mg/kg) and 20.1 ± 0.4 mg/kg (certified value, 21.6 ± 1.8 mg/kg), respectively. Method repeatabilities, expressed as relative standard deviations, were 5.4 and 2.1%, respectively. The quantification limit of inorganic As, defined as the As concentration corresponding to 10 times the SD of the reagent blank, was 0.026 µg/g dry matter (when sample weight is 0.5 g dry matter and the dilution is as described). Method accuracy was tested by determining the inorganic As concentration in NRCC CRM Dorm 2 (dogfish muscle) and NRCC CRM Tort 2 (lobster hepatopancreas). The result (Table 5 ) obtained for Dorm 2 seems to be too high (30) . Goessler et al. (30) found less than 0.03 mg/kg of both inorganic forms tested and 0.28 ± 0.01 mg DMAA/kg by anion-exchange chromatography and ICP-MS.
Determination of Inorganic As in Seafood Samples
Eight samples of dried and homogenized seafood samples were analyzed by the recommended procedures for both total and inorganic As. Total As content was determined by FI HG-AAS after Kjeldahl wet digestion, and the inorganic As was determined by FI HG-AAS after AsCl 3 distillation (Table 6). The concentrations of total inorganic As were below 0.1 mg/kg for all fish muscle samples analyzed and cod extract. The total As concentration of cod extract was 68 mg/kg, and the total inorganic As was 0.04 ± 0.03 mg/kg. The highest concentration of inorganic As was observed in blue mussel at 0.55 ± 0.08 mg/kg. Expressed as a percentage of total As, this inorganic As content varies from less than 0.1 to 8%. These results are of the same order of magnitude as those reported by Brooke and Evans (20) and Lopez et al. (15) , who found that inorganic As and total As in fish and other seafoods vary from 1 to 5% and from less than 1 to 11%, respectively.
Conclusions
The method showed good trueness and repeatability. Trueness was determined by analyzing CRMs, and repeatability was estimated to 2.1% at a concentration of 20.1 mg/kg dry matter. The quantification limit was calculated to be 0.045 mg/kg dry matter (10 times of the SD of the reagent blank).
Determination of inorganic As involved distilling off inorganic As (as AsCl 3 ) from the marine samples with 3 mol HCl/L and 10 mL 30% (m/v) KI as the reductant. AS recovery from seaweed was found to be approximately 0.7 mg/kg dry matter and total As concentration was 33 mg/kg dry matter. Arsenosugars (As compounds present in micro-and macroalgae) appeared to be partially degraded during distillation, resulting in slight overestimation of As concentration. The quantification limit of inorganic AS (defined as 10 times the SD of the reagent blank) was 0.026 mg/kg dry matter with a sample weight of 0.5 g. Inorganic As concentrations in fish fillet were below the quantification limit, whereas the concentrations in crustaceans and bivalve molluscs were >0.1 mg/kg dry matter. Table 6 . Determination of inorganic AS (n = 4) and total AS (n = 10) in real samples of marine origin (mg/kg dry matter ±1 SD) 
